Selection for increased seedling vigor might also contribute to improving Kura clover establishment (De-
characterized by a slow recovery rate after harvesting, clover was stable across harvests and environments. The %Ndfa for and like Kura clover, a slow and difficult establishment birdsfoot trefoil varied during the season, with a peak at the end of (Grant and Marten, 1985) . Under field conditions, the the season. The yearly total forage, total N, and fixed N yields of rates of N 2 fixation in birdsfoot trefoil vary between 50 Kura clover were stable across environments, and the total N and and 205 kg ha Ϫ1 yr Ϫ1 , with a %Ndfa varying between fixed N yields were greater than those of birdsfoot trefoil at one 30 and 100 (Heichel et al., 1985; Mallarino et al., 1990;  location. Overall, Kura clover fixed about 155 kg N ha Ϫ1 yr Ϫ1 , with Farnham and George, 1994 of other temperate forage legumes. This is attributable, in part, to the fact that birdsfoot trefoil has determinate B ecause of their ability to fix N 2 , forage legumes nodules that do not regenerate after defoliation, requirare an important N source in agroecosystems, often ing the plant to renodulate after each harvest (Vance reducing N fertilizer needs in crop rotations and mixed et al., 1982) . grass-legume pastures (Mallarino et al., 1990 ). The
Our objective was to determine N 2 fixation by estabamount of N 2 fixed by forage legumes varies greatly with lished stands of Kura clover and birdsfoot trefoil under species, management, soil N supply, and the presence of field conditions using the 15 N isotope dilution method. grasses, but it can reach 275 kg N ha Ϫ1 yr Ϫ1 in the northcentral USA (Mallarino et al., 1990 ). An accurate deter-MATERIALS AND METHODS mination of N 2 fixation by forage legumes is essential Four different field experiments were conducted in 1998.
to assess their N contribution to agroecosystems.
Two experiments, one seeded in 1996 and the other in 1997, Kura clover is a rhizomatous forage legume with powere each conducted at two locations: Becker and Rosemount, tential as a long-lived pasture legume (Taylor and Smith, MN. This resulted in two experiments of different stand age 1998). It is exceptionally persistent under grazing (Pe-(2-and 3-yr-old) at both locations. At the onset of the study in 1998, the Hubbard loamy sand (sandy, mixed, frigid Entic terson et al., 1994a, 1994b) and harsh environmental Hapludoll) at Becker had a pH of 7.0 and NO Ϫ 3 -N, Bray-1 conditions (Woodman et al., 1992) , and it produces high extractable P, and exchangeable K levels of 3, 25, and 145 mg quality forage (Peterson et al., 1994a Kura clover (cv. Endura) and birdsfoot trefoil (cv. Norcen) Gomez, 1984) . The data were then analyzed in a combined analysis (McIntosh, 1983 ) that regrouped the locations, stand were sown in 3-by 6-m plots in 15-cm rows at a rate of 8 kg ha Ϫ1 on 30 Apr. 1996 and 28 Apr. 1997 at Becker and 21 May ages, legume species, and harvests in a combined strip-plot design, with the legume species and harvests as spatial and 1996 and 5 May 1997 at Rosemount. The seeds were inoculated with appropriate peat-based commercial rhizobial inoculants temporal strips, respectively (Gomez and Gomez, 1984) . The stand ages, legume species, and harvests were considered fixed (LiphaTech, Milwaukee, WI) 1 . 'Ineffective Agate' alfalfa (Medicago sativa L.) and annual ryegrass (Lolium multiflorum effects while the location was considered random. The yearly totals and means were analyzed in a combined analysis with Lam.) were used as non N 2 -fixing reference species. Alfalfa was seeded at a rate of 12 kg ha Ϫ1 on the same date as Kura the locations, stand ages, and legume species in a randomized complete block design. Appropriate F-tests in each case were clover and birdsfoot trefoil, and annual ryegrass was seeded on 15 Apr. 1998 at a rate of 17 kg ha Ϫ1 . In 1998, the average calculated following McIntosh (1983) . The differences between the treatments were ascertained using LSD and F-tests. stand densities of Kura clover, birdsfoot trefoil, alfalfa, and annual ryegrass were 150, 90, 50, and 80 plants m
Ϫ2
, respectively. Plots were subjected to four harvests on 2 June, 7 July,
RESULTS AND DISCUSSION
10 Aug., and 7 Oct. 1998 at Becker and 22 May, 29 June, 5 Aug., and 6 Oct. 1998 at Rosemount.
Dry Matter and Total Nitrogen Yields
Dinitrogen fixation was estimated using the isotope dilution Both the forage and total N yields showed a strongly method. On 17 Apr. 1998, a 1-m 2 microplot in each plot was significant location ϫ legume species ϫ harvest interacuniformly sprayed with 3 L of water containing 0.3 g N (99.7 tion (Table 1 ). In addition, the forage yields showed a atom % 15 N) of (NH 4 ) 2 SO 4 . Because Kura clover is rhizomatous, the microplots were surrounded to a 30-cm depth with significant stand age effect: Three-year-old stands of aluminum flashing to reduce the uptake of nonlabeled soil N each species produced more than 2-yr-old stands from outside the enriched areas. At each harvest, the center (discussed below). When illustrated, the significant 0.36 m 2 of each microplot was harvested to a 5-cm stubble location ϫ legume species ϫ harvest interaction demonheight. These samples were used for N and 15 N analyses. Other strates that the response trends for dry matter and N samples from a different 0.6-by 15-m area were harvested in yield were similar ( Fig. 1 and 2 ).
each plot with a flail harvester to determine forage yields, and
At Becker, the forage and N yields of each species a 500-g subsample was then used to determine the dry matter decreased during the year, with each successive harvest content. All samples were dried in a forced-air oven at 60ЊC
yielding less than the previous one. The effect was more ever, the USDA and the University of Minnesota neither guarantee nor warrant the standard of the product, and the use of the name by * Significant at the 0.05 level.
the USDA and the University of Minnesota implies no approval of ** Significant at the 0.01 level. *** Significant at the 0.001 level.
the product to the exclusion of others that may also be suitable. forage legumes (Grant and Marten, 1985) . There was a significant stand age effect on the total species also occurred at the first harvest. Birdsfoot treannual forage yield (Table 2) . At each location, 3-yrfoil and Kura clover produced 45 and 40%, respectively, old stands of both species were significantly more proof their yearly total at the first harvest. Unlike at Becker, ductive than 2-yr-old stands (8.91 vs. 7.94 Mg ha Ϫ1 ). For the forage yields for both species at the other 3 harvests both species, the forage yields of 3-yr-old stands were were similar. In addition, both species produced a simisimilar to those reported in other studies (e.g., Heichel, lar quantity of forage at each harvest, except for the 1985; Sheaffer and Marten, 1991); however, the Kura third harvest when Kura clover produced more than clover yield of 2-yr-old stands in our study was substanbirdsfoot trefoil. The trends for N yields were similar, tially higher than the yield reported by Sheaffer and except that Kura clover produced lower N yields at each Marten (1991) of 4.70 Mg ha Ϫ1 yr
Ϫ1
. This might be due, successive harvest.
in part, to the fact that they used the cultivar Rhizo, An uneven forage-yield distribution is characteristic which develops at a slower rate and initially produces of Kura clover and birdsfoot trefoil (Heichel et al., 1985;  less forage than Endura, the cultivar used in this study Peterson et al., 1994a) . For Kura clover under high to (Genrich et al., 1998) . For the total annual N yield, there medium defoliation frequencies, Peterson et al. (1994a) was a significant location ϫ species interaction (Table  attributed this to a phenotypic plasticity response, where 2). At Becker, the Kura clover N yield was 28% greater plants respond to defoliation by reducing the petiole than that of birdsfoot trefoil, but at Rosemount, there length and leaf size. This ensures stand persistence, but was no significant species effect (Table 3) .
Percent of Nitrogen Derived from the Atmosphere and Fixed Dinitrogen
The %Ndfa and amount of N 2 fixed per hectare varied with location, legume species, and harvests, as was indicated by the highly significant interaction among these three factors ( Table 1) . The %Ndfa at both locations terms ( Table 1) . As the amount of fixed N 2 is calculated from the N yield and %Ndfa, the illustration of the followed a similar trend in that it was nearly constant for Kura clover (avg. of 57%) throughout the season, location ϫ legume species ϫ harvest interaction demonstrates that the response was indeed a composite of except for a drop down to 47% for the third harvest at Becker (Fig. 3) . For birdsfoot trefoil, the %Ndfa also those reported earlier for the N yields and %Ndfa (Fig.  4) . At Becker, the N 2 fixed by Kura clover was lower followed a trend that was similar at both locations in that it was lower at the first and second harvest and at each subsequent harvest with 37, 32, 20, and 11% of the total season N 2 fixed at the first, second, third, and higher at subsequent harvests. This trend for birdsfoot trefoil is opposite to that observed by Heichel et al.
fourth harvest, respectively. In contrast, the intra-annual pattern of N 2 fixed by Kura clover at Rosemount was (1985) for 2-yr-old stands, where the maximum %Ndfa occurred at the second of three harvests. Differences much more uneven, with 45% of the total season N 2 fixed at the first harvest. The N 2 fixation at the other between their study and ours might result from environmental conditions because those authors reported unharvests was similar (avg. of 29 kg ha Ϫ1 harvest
Ϫ1
). The birdsfoot trefoil followed a trend similar to Kura clover usually high rainfall in the spring. However, studies with other species such as alfalfa and red clover (Trifolium at Rosemount, fixing 45% of the total fixed N by the first harvest; however, unlike Kura clover, this was also pratense L.) have demonstrated that in general, the %Ndfa is lowest in the spring (e.g., Heichel et al., 1984, the case at Becker. The locations ϫ species ϫ harvest interaction occurred because at Becker, Kura clover 1985) due to suboptimal temperatures, high inorganic N availability, or both. An alternative explanation might fixed more N 2 than birdsfoot trefoil at the second and third harvest, whereas at Rosemount, birdsfoot trefoil be that our study used a fairly intensive defoliation scheme, with four defoliations during the season comfixed more N 2 than Kura clover at the last harvest. The interaction between locations and species was pared with two or three in the studies of Heichel et al. (1984 Heichel et al. ( , 1985 , and thus affected the regrowth period also significant for the annual total fixed N 2 (Table 2) . At Becker, Kura clover fixed significantly more N 2 than available to the plants. Also, differences in the soil N supply between the studies could have affected the rebirdsfoot trefoil (158 vs. 130 kg ha Ϫ1 yr Ϫ1 , respectively), but at Rosemount, the N 2 fixation by Kura clover and sults. Concerning the species differences at individual harvests, birdsfoot trefoil had a greater %Ndfa than birdsfoot trefoil was similar (avg. of 157 kg ha Ϫ1 yr Ϫ1 ) ( Table 3 ). Such levels of N 2 fixation suggest that both Kura clover at the last two harvests (avg. of 70 vs. 55%, respectively) at both locations. While the reverse was species fix less N than other commonly used temperate forage legumes. Based on a compilation of the literature, true for the second harvest at Becker, where the %Ndfa for Kura clover was 59% compared with 47% for birdsVance (1998) reported median N 2 fixation levels of 180, 172, and 170 kg N ha Ϫ1 yr Ϫ1 for alfalfa, white clover foot trefoil, no differences were noted at the second harvest at Rosemount. However, these temporal differ-(Trifolium repens L.), and red clover, respectively. That author also reported a value of 92 kg N ha Ϫ1 yr Ϫ1 for ences between species were not reflected in the annual average %Ndfa (Table 2) , and both species contained birdsfoot trefoil. The values observed in our study were substantially higher, but the differences are likely due to a %Ndfa of about 60% for the year (Table 3 ).
The amount of N 2 fixed per hectare varied with locadifferences in the cultivars, management, environmental conditions, methodology used to determine N 2 fixation, tion, stand age, species, and harvest, as was demonstrated by the three-way interactions between these soil N supply, and N demand. 
